High-speed supernatant fluids derived from sonicated CoxieUla burnetii contained considerable acid phosphatase activity when assayed by using 4-methylumbelliferylphosphate; they also contained a factor that blocked superoxide anion production by human neutrophils stimulated with formyl-Met-Leu-Phe. The pH optimum of the enzyme was approximately 5.0. The level of phosphatase activity detected in several isolates of C. burnetii implicated in acute (Nine Mile) and chronic (S Q217, PRS Q177, K Q154) Q fever was 25 to 60 times greater than that reported in other microorganisms, including Leishmania and LegioneUla spp. The enzyme was found in rickettsiae grown in different hosts (L929 cells and embryonated eggs) and, in the case of L929 cells, for both short periods (less than a month) and the long term (years). Cytochemical techniques coupled with electron microscopy localized the phosphatase activity to the periplasmic gap in the parasite. Ion-exchange chromatography revealed a major species of the enzyme and showed that the enzyme of the parasite was distinct from that of the host cell (L929 fibroblasts); its apparent molecular weight was 74,000. Phosphatase inhibitors (i.e., molybdate heteropolyanions) had differential effects on the phosphatases of the parasite and host cell. C. burnetii supernatant fluid inhibited superoxide anion production by formyl-Met-Leu-Phestimulated human neutrophils; molybdate inhibitors reversed the inhibition. Treatment of C. burnetii-infected L929 cells with one of the molybdate compounds (complex B') significantly reduced the level of infection and did not affect the viability or growth of the host cell. These data suggest that the acid phosphatase of the parasite may be a major virulence determinant, allowing the agent to avoid being killed during uptake by phagocytes and subsequently in the phagolysosome.
The agent of Q fever in humans, Coxiella burnetii, resides and proliferates within acidic phagolysosomes of host cells, including phagocytes (2) . Although this obligate intracellular rickettsial parasite contains superoxide dismutase and catalase (1), which probably protect it from host cell-generated superoxide anion and hydrogen peroxide, respectively, it is likely that other virulence determinants play a significant role in allowing the agent to thrive within phagolysosomes. Recently we reported that intact C. bumetii inhibits the respiratory burst of phagocytosing human neutrophils (3) . In light of reports (13, 21, 24) that Legionella micdadei and Leishmania promastigotes possess acid phosphatases (ACPs) that inhibit the respiratory (oxidative) burst of neutrophils, we investigated the possibility that C. burnetii also possesses such a virulence factor, which would account for its capacity to inhibit the oxidative burst of the neutrophil. Both of these facultative parasitic agents also proliferate in phagolysosomes of macrophages. Their ACPs apparently modulate the respiratory burst of neutrophils by reducing the amount of the second messengers, inositol 1,4,5-triphosphate and sn-1,2-diacylglycerol, produced following receptor-mediated stimulation (12, 25) .
In this report we show that C. bumetii, does, indeed, possess significant ACP activity and that it is probably responsible for inhibiting the metabolic burst of human neutrophils.
(This work was presented, in part, at the 1992 General Meeting of the American Society for Microbiology, New Orleans, La. [abstr. no. B571.) * Corresponding author.
MATERIALS AND METHODS C. burnetii propagation and purification. Several C. burnetii isolates implicated in acute and chronic Q fever (see Table 1 ) were cultivated in L929 fibroblasts or in embryonated eggs and subsequently purified from host cell components. L929 fibroblasts were infected with C. burnetii by established procedures (6, 7, 22) . Normal and infected cells were maintained in suspension culture at 35°C.
Rickettsiae were purified from infected L929 cells (continuously infected and maintained in culture for the periods indicated without freezing), and concentrations were determined as described by Baca et al. (7) . Infected cells suspended in 2 mM magnesium acetate were disrupted in a Ten Broek homogenizer, and the released rickettsiae were purified from host components by differential centrifugation: alternating low-speed (150 x g for 10 min) and high-speed (10,000 x g for 30 min) centrifugations to sediment host debris at low speed and rickettsiae at high speed. The purified rickettsiae were enumerated by the methods of Silberman and Fiset (28) as modified by Williams et al. (33) .
C. burnetii organisms, grown in pathogen-free embryonated eggs, were purified from infected yolk sacs after homogenization, differential centrifugation, and banding in 30 to 60% (wtlwt) linear sucrose gradients (29) .
The preparations were monitored for microbial contaminants with the aid of thioglycolate broth and blood agar.
Electron microscopy and ACP cytochemistry. Infected L929 cells and purified C. burnetii organisms were subjected to electron microscopy for localization of ACP activity within the parasite by the Gomori cytochemical technique (2, 15 (30 to 60 s at ice bath temperature) followed by centrifugation at 10,000 x g for 1 h at 4°C. The supernatant fluid was subjected to additional centrifugation at 100,000 x g for 1 h at 4°C. The resulting high-speed supernatant fluid was chromatographed on a QAE-Sephadex column and subjected to high-performance liquid chromatography (stationary-phase Superdex G-75 column). At each step, aliquots were assayed for ACP activity and used immediately in experimentation or stored at -70°C. In the initial stages of this investigation the sonicates were also subjected to three cycles of freezing and thawing. We subsequently found that freezing and thawing did not enhance ACP yields and therefore discontinued the practice. It was also found that freezing and thawing did not affect the results obtained (e.g., chromatography profiles and enzyme activities). Except when noted in this report, sonicated C. bumetii organisms were not also subjected to freezing and thawing.
Preparation of human neutrophils and superoxide anion assay. Neutrophil suspensions were prepared from human peripheral blood by dextran sedimentation followed by density gradient centrifugation on Ficoll-Hypaque gradients and isotonic NH4C1 lysis (20, 24) . The generation of superoxide anions by formyl-Met-Leu-Phe-stimulated neutrophils was measured as superoxide dismutase-inhibitable cytochrome c reduction by using a continuous assay method (20) .
Treatment of infected L929 cells with a heteromolybdate compound (complex B') and determination of degree of infection. The heteromolybdate compound complex B' was dissolved in sterile distilled water (10- tion of the compound; duplicate control flasks received only the solvent (water). The cell populations were divided twice a week, and the concentration of molybdate was adjusted. Viability was determined by the dye exclusion technique (35) .
RESULTS
Detection of ACP C. burnetii isolates and optimum pH activity. Several isolates of C. burnetii, representative of the three major groups implicated in acute or chronic disease, exhibited significant levels of ACP activity when assayed fluorometrically with MUP serving as the substrate (Table  1 ). The rickettsiae were purified from host cells as described in Materials and Methods and included the isolates Nine Mile, which causes acute short-term disease, S Q217 (plasmidless) and K Q154 (QpRS plasmid) isolated from patients with chronic endocarditis, and PRS Q177 isolated from a goat cotyledon and from the same plasmid group (QpRS) as K Q154 (25) . The assays were performed on intact organisms at 37°C in 0.1-ml reaction mixtures containing 0.2 M sodium acetate buffer (pH 5.5) and 5 mM MUP. Irrespective of the host from which the rickettsiae were isolated-L929 fibroblasts or embryonated eggs-the parasites exhibited significant levels of ACP activity. Also, rickettsiae derived from short-term (28 days)-and long-term (952 days)-infected L929 cells exhibited comparable levels of ACP activity (Table 1) . Disrupted C. burnetii organisms (sonicated for 30 to 60 s at 0°C, in a Branson Sonifier with the microprobe) exhibited slightly higher levels of ACP activity than did the intact rickettsiae (specific activities, 1,430 + 157 for the intact organisms and 1,840 ± 147 for the sonicated organisms [results of four independent experiments]). The C. burnetii Nine Mile organisms were purified from L929 cells that had been infected for over 2,500 days. Sonication for additional periods (up to 4 min, which is sufficient to completely disrupt the rickettsiae [1] ) did not result in increased ACP activity.
These results suggested that the enzyme was localized at or near the parasite surface, i.e., in the periplasmic space.
The ACP activity (on a per-milligram-of-protein basis) present in C. bumetii was greater than has been reported to date, to our knowledge, for any other microorganism; depending on the isolate, it was approximately 25 to 60 times that observed in Legionella micdadei (24 (Fig. 3) . The elution profile for C. bumetii shows at least one major peak (middle region) and indications of two minor peaks. Molecular mass of C. burnetii ACP. The apparent native molecular mass of the predominant C burnetii species was determined by high-performance liquid chromatography to be approximately 74 kDa (Fig. 4) . When the host cell extract was chromatographed on the same column, three distinct peaks of ACP activity were observed; they eluted in fractions corresponding to molecular masses of 2.5, 10.5, and 50 I kDa. All three of these peaks eluted after the Coxiella ACP ex g supernatant fluids derived from sonicated bumnetii and supernatant fluids from 10,000 x g centrifugae C. buva etio organisms (Fig. 1 ). Assays were tion of infected and uninfected L929 cells were investigated strate ( tgent). Following incubation, the samples were cells. Although complex E2 seemed to have a slightly stronfor electron microscopy (2) and thin sections were ger inhibitory effect on the C. burnetii ACP (intact organby transmission electron microscopy. The elecisms) than on that of the uninfected host cell, the difference ographs (Fig. 2) atylphosphate, more than 50% did so.
burnetii ACP by 59 and 70%, respectively; 25 and 50 ,uM bange chromatography clearly distinguished C. bur-concentrations of E2 inhibited the rickettsial ACP by 72 and phatase from that of the host cell. Purified Nine Mile 80%, respectively. The differential effect of these two heterii organisms were disrupted by sonication while omolybdate compounds is an additional indication that the I in 0.01 M HEPES buffer (pH 7.4)-0.8% NaCl.
ACPs of parasite and host are distinct; it is also indirect pted organisms were centrifuged at 100,000 x g at evidence that the ACP associated with the parasite is C. h, and the supematant fluid was eluted through bumnetii specific (i.e., produced by the parasite). Other hadex with a linear gradient ranging from 0 to 0. rickettsiae. The supernatant fluid contained significant ACP activity (1,488 U/mg of protein). Human neutrophils were prepared from peripheral blood as described in Materials and Methods. Superoxide anion production by formyl-Met-LeuPhe-stimulated neutrophils was measured by a continuous cytochrome c reduction method (20) . In the presence of 10 p,l of the C. bumnetii supernatant preparation (which contained 4 U of phosphatase activity), the neutrophils (106 cells in 1.0 ml of buffer) did not generate significant levels of superoxide significantly affected the activity of the enzymes of the parasite and host cell.
Inhibition of superoxide anion production by human neutrophils coincubated with C. burnetii supernatant fluid. Supernatant fluids were prepared from sonicated Nine Mile C burnetii organisms by subjecting the sonicates to centrifugation at 10,000 x g for 1 h to remove cell debris and intact Nine Mile C bumetii organisms (3 mg of purified rickettsiae per ml) were centrifuged at 10,000 x g for 1 h. The resulting supernatant fluid was assayed for ACP activity (1,488 U/mg of protein). Human neutrophils were prepared from peripheral blood by dextran sedimentation followed by density gradient centrifugation on FicollHypaque gradients and isotonic NH4C1 lysis (20, 24) . The generation of superoxide anions by formyl-Met-Leu-Phe-stimulated neutrophils was measured as superoxide dismutase-inhibitable cytochrome c (0.05 mM) reduction by using a continuous assay method (20) . Experimental neutrophils (0) (106) in 1.0 ml of Krebs-RingerPhosphate solution (pH 7.4) were preincubated at 37°C (2 to 3 min) with 10 p,l (4 U of phosphatase activity) of the C burnetii supernatant fluid; control untreated (-) neutrophils (106) received 10 PI1 of buffer. Measurement of superoxide anion production began with the addition of 10-7 M formyl-Met-Leu-Phe. Absorbance readings were made at 30-s intervals during the 5-min incubation period. The untreated neutrophils produced significant amounts of superoxide anion (i.e., increased absorbance) during the course of the experiment, whereas the experimental neutrophils treated with C. bumetii supernatant fluid did not (i.e., they exhibited only the innate baseline absorbance, which was approximately 0.07). iperoxide anion production by human neutrophils excontrol infected cells (0) anion during the course of the continuous assay when compared with control untreated neutrophils (Fig. 5) . Similar results were obtained with 50 pl of the C. burnetii supernatant preparation. When C. bumetii supernatant fluid from centrifugation at 10,000 x g was boiled, its capacity to inhibit superoxide anion production by neutrophils (data not shown) was destroyed; this is evidence that the inhibitor is probably a protein (i.e., an enzyme such as ACP).
Although the enzyme has not been purified to homogeneity, it was enriched sevenfold by subjecting the Nine Mile C. burnetii 10,000 x g supernatant fluid to 100,000 x g centrifugation for 60 min followed by chromatography on a hydroxylapatite column. These enrichment steps resulted in concomitantly enhanced capacity to inhibit superoxide anion production by human neutrophils (data not shown).
That ACP in the supernatant fluid is responsible for the suppressed anion production is also strongly indicated by the following results, obtained with the heteromolybdate phosphatase inhibitors.
Inhibitory effect of C. burnetii supernatant fluid on superoxide anion production by neutrophils blocked by heteromolybdate compounds. Inclusion of either heteromolybdate E2 or B' blocked the C. bumnetii supernatant fluid from inhibiting superoxide anion production by human neutrophils (Fig.  6 ). That these compounds have been shown to inhibit ACPs from other sources (23) implicates the C burnetii ACP as the inhibitory factor in the supernatant fluid. This conclusion is indirectly supported by the following results.
Heteromolybdate complex B' reduced the level of C. burnetii infection. Treatment of C bumetii-infected L929 cell populations with the heteromolybdate complex B' for a period of 15 days resulted in markedly decreased levels of infection (Fig. 7) . The Burton et al. that the ACP they detected in the C. bumetii periplasm (grown in Vero cells) is host derived is probably incorrect; in all probability the phosphatase is encoded in and produced by the parasite.
The importance of the oxidative metabolic burst in the destruction of intracellular parasites by phagocytes has been demonstrated by several investigators (4, 5, 9, 19, 27) . We recently reported that phagocytosis of opsonized or unopsonized C. bumetii organisms failed to trigger a significant production of superoxide anion by human neutrophils (3). By failing to elicit an adequate metabolic burst (as indicated by superoxide anion production) during phagocytosis by neutrophils, C burnetii resembles other intracellular pathogens such as Mycobactenium leprae (17) , Toxoplasma gondii (34) , Leishmania donovani (16) , and Legionella micdadei (13, 18, 31) , an organism that is phylogenetically related to C. burnetii (30, 32) . Successful parasitization of phagocytes by C. bumetii may be due, in part, to the inability of the phagocyte to generate adequate concentrations of microbicidal oxygen metabolites during and after rickettsial entry. That the C. bumnetii ACP may play a role in shutting down the metabolic burst and concomitant superoxide anion production is indicated by these studies. One should bear in mind the likelihood that the C bumetii periplasmic ACP plays a role in dephosphorylating various compounds, e.g., host nucleotides, that may subsequently be rephosphorylated during or after transit through the cytoplasmic membrane of the parasite. We are now in the process of purifying and further characterizing the ACP. One of our first goals will be to investigate the substrate specificity of the purified enzyme.
